Abstract. The chemokine CXCL12 (also termed SDF-1, stromal cell-derived factor-1) and its receptors CXCR4 and CXCR7 are known to play a pivotal role in tumor progression including glioblastomas (GBM). Previous investigations focused on the expression and functional roles of CXCR4 and CXCR7 in different GBM cell subpopulations, but comparative analysis in matched primary versus recurrent GBM samples are still lacking. Thus, here we investigated the expression of CXCR4 and CXCR7 on mRNA and protein level using matched primary and recurrent GBM pairs. Additionally, as GBM CXCR4-positive stem-like cells are supposed to give rise to recurrence, we compared the expression of both receptors in primary and recurrent GBM cells expressing either neural (MUSASHI-1) or embryonic stem cell markers (KLF-4, OCT-4, SOX-2, NANOG). We were able to show that both CXCR4 and CXCR7 were expressed at considerable mRNA and protein levels. CXCR7 was downregulated in relapse cases, and different groups regarding CXCR4/CXCR7 expression differences between primary and recurrent samples could be distinguished. A co-expression of both receptors was rare. In line with this, CXCR4 was co-expressed with all investigated neural and embryonic stem cell markers in both primary and recurrent tissues, whereas CXCR7 was mostly found on stem cell marker-negative cells, but was co-expressed with KLF-4 on a distinct GBM cell subpopulation. These results point to an individual role of CXCR4 and CXCR7 in stem cell marker-positive GBM cells in glioma progression and underline the opportunity to develop new therapeutic tools for GBM intervention.
Introduction
Gliomas are the most common type of primary brain tumors. The most malignant form, glioblastoma multiforme (GBM), accounts for ~15% of all brain tumors, and >50% of all astrocytomas (1) . Current standard treatment of GBM is surgical resection of the tumor, followed by adjuvant radio-and chemotherapy. However, median survival time for GBM patients is still poor, ~12-15 months despite multimodal therapy (2) , and currently there are no effective long-term treatments for this malignancy. One of the primary reasons for the poor prognosis is the development of recurrence composed of highly proliferative and infiltrative tumor cells which massively invade into the surrounding brain parenchyma and contribute to the fatal progression (2) .
Chemokines, small chemotactic cytokines, are known to contribute to a broad spectrum of physiological and pathological processes, including angiogenesis (3), haematopoiesis (4), development (5, 6) and also tumor initiation, survival and progression (7, 8) .
In particular, the chemokine CXCL12 (also termed SDF-1, stromal cell-derived factor-1) and its receptors CXCR4 and CXCR7 seem to play a pivotal role in tumor progression, as described for different tumor types including GBM (9) (10) (11) . In GBM, CXCL12 and CXCR4 are overexpressed in tumor tissues when compared to normal brain parenchyma and their expression level correlates with tumor grade and poor prognosis (12) . The CXCL12/CXCR4 activation in glioma cells and specific cells of the surrounding microenvironment (e.g., microglia, endothelial cells, and mesenchymal cells) contributes to GBM proliferation, spreading, and chemoresistance as reviewed for example by Würth et al (13) . The long known receptor CXCR4 is expressed on glioma cells with stem cell properties (14,15). These cells are able to perform self-renewal, to recapitulate the whole tumor and to differentiate into specific GBM subpopulations. Thus, they are likely responsible for the development of glioblastoma relapses and the poor prognosis of recurrent GBM (16) . Nevertheless, not only CXCR4, but also CXCR7, which has been described in tumors, is a regulator of GBM growth (13) . For example, CXCR7 is highly expressed in tumor endothelial, microglial and GBM cells (15, 17) , controls tumor diffusion through CXCL12 gradients and is frequently detected in GBM-associated vasculature (18) . Interestingly, in contrast to CXCR4, CXCR7 was detected on more differentiated GBM cells (15) . However, a significant correlation between CXCR4 and CXCR7 in GBM was observed (19) . These results are fascinating and point to a pivotal role of CXCR4 and CXCR7 in glioma progression including especially the development of recurrences. To visualize possible similarities in chemokine receptor expression of individual primary-recurrent GBM pairs, relative gene expression data were assigned to grey shades in Fig. 1 . A relative gene expression value of 1 (= equal expression in primary and recurrent GBM) was assigned as 30% grey, lower n-fold expression values (lower expression in recurrent compared to primary) were displayed with increasing lighter shading with 0 corresponding to white. Relative expression values >1 (higher expression in recurrence compared to primary) were assigned with increasing darker grey shades until 3-fold induction (or higher) which was assigned as maximum (black). Afterwards, a 'heatmap-like' arrangement of individual primary-recurrent GBM pairs was performed orientating to up-or downregulation of CXCR4 and CXCR7 in recurrent samples.
Materials and methods
Immunofluorescence. Cryostat sections of different primary and recurrent GBM tissues were fixed in acetone/methanol, and sequentially blocked with Sudan black and 0.1% bovine serum albumin as described before (20) . Primary antibodies were applied overnight at 4˚C, secondary antibodies were incubated at 37˚C for 1 h, nuclei were counterstained with 4' ,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich, Hamburg, Germany), slides were embedded with Immumount (ThermoShandon, Pittsburgh, PA, USA) and digital photography was performed using a zeiss microscope and zeiss camera (zeiss, Oberkochen, Germany Irrespective of the tumor identity (primary versus recurrent), both CXCR4 and CXCR7 were detected at considerable levels in solid GBM tissues with CXCR7 clearly to higher extent. Additionally, when comparing primary and recurrent GBM samples, the chemokine receptor CXCR7 was expressed in lower amounts in recurrences (mean reduction to ~40%; p<0.05), while this was not observed for CXCR4. In detail, the normalized averaged ∆C T values for investigated primary/ recurrent GBM samples were: 7.74/7.91 (CXCR4), and 2.61/3.95 (CXCR7), respectively ( Fig. 1, left) .
To compare chemokine receptor expression differences between individual primary and recurrent GBM pairs more in detail, we arranged the n-fold expression changes of all individual primary-recurrent GBM pairs as a heatmap: equal n-fold expression in primary and recurrent GBM was assigned as 30% grey, lower n-fold expression values were displayed with increasing lighter shading with 0 corresponding to white, and relative n-fold expression values >1 were assigned with increasing darker grey shades until 3-fold induction (or higher) which was assigned as maximum (black). By this, three different GBM groups in our collective could be identified (Fig. 1, right) : the first group, containing seven primary-recurrent GBM pairs, was characterized by a general lower mRNA expression of CXCR4 and CXCR7 in recurrent samples. The second group, containing five primary-recurrent GBM pairs, was characterized by higher expression of CXCR4 in combination with lower expression of CXCR7. The third group included two GBM pairs and was characterized by higher expression of both chemokine receptors in recurrences. Interestingly, a combination of increased CXCR7 and decreased CXCR4 expression was not observed in our cohort. Summarized, various combinations of loss or gain of CXCR4 and CXCR7 mRNA expression are apparently detectable in our collective of paired primary and recurrent GBM samples, and it became clear that a more precise evaluation of chemokine receptor expression during the progression from primary to recurrent GBM is possible if each individual pair is analyzed in detail.
To confirm qRT-PCR results and to evaluate CXCR4 and CXCR7 expression also on the protein level in primary-recurrent GBM pairs, we performed double-immunofluorencence staining of both chemokine receptors. Nuclei were stained with DAPI. Exemplary results of stained matched primary and recurrent samples are shown in Fig. 2 . Although no clear quantitative data could be obtained using fluorescence immunostaining of cryo-sections the primary tumors showed high amounts of CXCR4 or CXCR7 positively stained cells, whereas in matched recurrent samples only few CXCR7-positive cells, but considerable amounts of CXCR4-positive cells were visible. In addition, the majority of tumor cells were solely positive for CXCR4 or CXCR7, respectively (exemplified in Fig. 2) , only single cells expressed CXCR4 and CXCR7 in the same cell regions [examples for merged regions (yellow) are shown in Fig. 2] .
Summarized, while both CXCR4 and CXCR7 are expressed at considerable levels in primary and recurrent GBM samples, CXCR7 expression is apparently downregulated in relapsed cases. Regarding CXCR4/CXCR7 expression differences between primary and recurrent samples, our cohort included different GBM groups of combined induction or reduction upon relapse. Expression of CXCR4 and CXCR7 was confirmed on protein level, and co-stainings revealed single as well as double-positive cells.
Cellular allocation of CXCR4 and CXCR7 in human primary and recurrent GBM pairs. We and others have shown that CXCR4 is predominately expressed in (tumor) stem-like cells (14,15), and GBM stem-like cells are supposed to give rise to the recurrences. Therefore, we analyzed in a next step in more detail which cells might account for expression of CXCR4 and CXCR7 in primary and recurrent GBM. Thus, co-stainings with neural stem/progenitor (RNA-binding protein MUSASHI-1) and different embryonic stem cell markers [KLF-4, OCT-4, SOX-2 as embryonic stem cell transcription Figure 1 . Left, mRNA expression of CXCR4 and CXCR7 in 14 paired primary (black circles) and recurrent (white triangles) glioblastoma samples was evaluated by real-time RT-PCR (logarithmic scale, ∆C T =3.33 corresponds to a 10-fold difference). The receptors CXCR4 and CXCR7 were detectable in primary and recurrent glioblastoma samples on comparably high levels. In contrast to CXCR4, mean CXCR7 mRNA expression was significantly reduced to ~40% in recurrent glioblastomas ( * p<0.05). Right, heatmap-like analysis of n-fold expression differences of CXCR4 and CXCR7 (obtained by qRT-PCR; calculated with 2 (normalized CT non-stimulated -normalized CT stimulated) = n-fold of control) between 14 primary-recurrent glioblastoma pairs. Equal n-fold expression in primary and recurrent pairs was assigned as 30% grey, lower n-fold expression values with increasing lighter shading with 0 corresponding to white, and relative n-fold expression values >1 with increasing darker grey shades until 3-fold induction (or higher) which was assigned as maximum (black). In total three different glioblastoma groups could be distinguished -one with lower mRNA expression of both CXCR4 and CXCR7, one with higher expression amounts of CXCR4 in combination with lower amounts of CXCR7, and one with higher expression amounts of both chemokine receptors in recurrences, respectively. factors, and NANOG which initially was used as readout for efficient reprogramming of iPSCs (21)] were performed and analyzed by fluorescence microscopy.
In general, CXCR4 yielded clear co-stainings with different stem cells markers in both primary and recurrent samples (exemplified in Fig. 3 ). However, this method does not allow for a valid quantification of both staining intensities and amounts of positively stained cells. Additionally, different antigens are not localized in the same cellular structures, thus signals do not merge in all cases, but can be found in the same regions. Nevertheless, especially in the co-staining CXCR4-SOX2 nearly all CXCR4-positive cells were also SOX-2-positive. For KLF-4, OCT-4 and MUSASHI-1 we also observed clear co-stainings with CXCR4 in both primary and recurrent GBM, with OCT-4-CXCR4 double-positive cells being remarkably localized in cluster-like structures. However, also CXCR4, KLF-4, OCT-4 and MUSASHI-1 single-positive cells existed within the sections. For NANOG, a co-staining with CXCR4 was also observed but not as prominent as detected for the other stem cell markers (exemplified in Fig. 3 ).
In comparison to CXCR4 the results for CXCR7 were clearly different. With exception of the combination CXCR7-KLF-4 only very few CXCR7-stem cell marker double-positive cells were found in the GBM specimens (exemplified in Fig. 4) . In detail, when looking at OCT-4 and SOX-2 in CXCR7-positive regions, some OCT-4 or SOX-2-positive cells (and here more obvious in recurrences) were found, respectively, but it seems that in the majority of the cases CXCR7 was expressed in different, OCT-4 or SOX-2 negative cells. In line with these results, a clear co-staining of CXCR7 with NANOG or MUSASHI-1 was not detectable although positive cells were found in CXCR7-positive cell regions. In contrast, KLF-4 and CXCR7 were found co-expressed in the same cells and, although this method does not allow a valid quantification, this was more prominent in recurrent samples (exemplified in Fig. 4) . Nevertheless, also KLF-4 and CXCR7 single-positive cells were found in the tumor sections, respectively.
Summarized, CXCR4 was clearly expressed in stem cell marker positive cells in both primary and recurrent GBM samples, whereas CXCR7, with the exception of a clear co-staining with KLF-4-positive cells especially in recurrences, was predominantly found in stem cell marker negative cells in the investigated samples.
Discussion
The chemokine CXCL12/SDF-1 is involved in glioma progression (10, 13, 15, 17) . In GBM, CXCL12 and its receptor, CXCR4, are localized in regions of necrosis and angiogenesis (22) , and are supposed to mediate proliferation of GBM progenitor cells (14). In contrast, the CXCL12 receptor CXCR7, which was initially regarded as a decoy receptor scavenging CXCL12 to prevent CXCR4 signaling and effects (23) , mediates apoptosis resistance in human and rat glioma cells (15, 17) . Previous results focusing on the expression of both receptors in human GBM indeed yielded an expression of CXCR4 by a subpopulation of GBM cells with stem cell properties (14), whereas the bulk of more differentiated GBM cells express CXCR7 (15, 24) . Conversely, other studies reported the existence of CXCR4-CXCR7 double-positive cells and showed that this subpopulation might regulate the stem cell phenotype (25) , and was able to initiate intracranial tumors in vivo (26) . Nevertheless, also CXCR4 and CXCR7 single populations exist and a high level of heterogeneity in both the surface expression and functions of CXCR4 and CXCR7 in primary human GBM cells of the proliferative subclass was determined (26) . In addition, GBM primary cell cultures show a heterogeneous cell surface expression of CXCR4 and CXCR7 despite similar levels of corresponding mRNAs (25) , and the expression of CXCR4 and CXCR7 is significantly correlated (19) .
Since comparative investigations regarding the expression of CXCR4 and CXCR7 in matched samples of primary and recurrent GBM are still lacking, we analysed this point in 14 different human primary-recurrent GBM pairs. We were able to show that irrespective of used materials (primary/recurrent GBM) both CXCR4 and CXCR7 were expressed at considerable amounts on the mRNA level with CXCR7 clearly to higher extent. Whereas CXCR4 expression was nearly equal in primary and recurrent samples, CXCR7 was found in lower amounts in recurrent GBM samples (~40%) in comparison to primary ones. Nevertheless when analyzing each individual pair in detail, two primaryrecurrent pairs were observed in our GBM collective with higher CXCR7 mRNA level in the recurrent samples. Although immunofluorescence staining of cryo-sections cannot clearly deliver quantitative data, the CXCR7 expression appeared lower in recurrent samples on the protein level, which is in accordance with the results obtained by qRT-PCR.
Interestingly, Razmkhah et al (27) reported that CXCR7 was undetectable in secondary brain tumors (sarcoma and breast cancer), whereas CXCR4 was expressed. Conversely to our observations, in that glioma cohort, CXCR4 expression was ~110-fold higher than its counterpart CXCR7. However, only 7 samples of glioma (4 high-grade gliomas and 3 lowgrade gliomas without any histopathological specification) were included.
Further, when investigating CXCR4 and CXCR7 expression in primary and recurrent GBM on the protein level by doubleimmunofluorescence technique, we found that the chemokine receptors were mainly detectable on different cell types, only very few CXCR4-CXCR7 double-positive cells existed in the samples. In accordance with this, heterogeneity of CXCR4 and CXCR7 expression was reported before for primary GBM cells pointing to the existence of different subpopulations measurable by variable percentages of CXCR4  + CXCR7   -,  CXCR4 -CXCR7 + and CXCR4 + CXCR7 + cells in glioma samples (26) . In addition, since for GBM-positive correlations not only for the expression of CXCR7 and CXCR4 but also for the expression of CXCR7 and HIF1α and CXCR7 and IDH1 were reported, these results also indicate the existence of different chemokine receptor expressing subclones (19) . By co-staining of CXCR4 and CXCR7 with stem cell markers we could show in our primary-recurrent GBM cohort that CXCR4 was mostly found on stem-cell marker positive GBM cells, whereas CXCR7 was usually expressed on stem-cell marker negative cells, with exception of the combination CXCR7-KLF-4. An embryonic stem cell gene signature is well known to correlate with a more undifferentiated phenotype in various cancers (28) , and a large scale tissue microarray analysis including 80 low-grade and 98 high-grade gliomas showed an upregulated protein level of NANOG, KLF-4, OCT-4 and SOX-2 in highgrade gliomas (29) . Several other studies also point to the relevance of neural and embryonic stem cell markers in GBM progression (30) (31) (32) (33) (34) (35) (36) . In the present study we showed that both neural and embryonic stem cells markers are preferentially co-expressed with CXCR4 in matched samples of primary and recurrent GBM pairs, whereas CXCR7 was mostly found on stem cell marker negative cells. In line with these results, CXCR4 expression in neuroblastoma is associated with highly aggressive undifferentiated tumors, while CXCR7 expression was detected in more differentiated and mature neuroblastic tumors (37) . In addition, CXCR4 is essential for the self-renewal of GBM stem-like cells since disruption of the CXCL12/CXCR4 pathway resulted in reduced expression of stem-like markers like Nestin and MUSASHI-1 or genes which are involved in regulating stem cell properties such as OCT-4 and NANOG (38) . The miR-137 inhibited glioma stem-like cell self-renewal and promoted their differentiation by targeting RTVP-1, which downregulated CXCR4 (39) . The inhibition of CXCR4 in glioma-initiating cells disrupted the SHH-GLI-NANOG network, which is involved in self-renewal and expression of the embryonic stem cell-like signature (40) .
Interestingly, Chen et al (41) reported that CXCR7 can mediate neural progenitor cell migration to CXCL12 independently of CXCR4. In line with this, our primary-recurrent GBM cohort showed a distinct subpopulation of CXCR7-KLF-4 double-positive cells, which was more prominent in the recurrences. Since it has been shown that the miR-152 targets KLF-4 in GBM cells and thereby influences cell proliferation, invasion, apoptosis and cell migration processes (42) , the CXCR7-KLF-4 double-positive GBM cells in our cohort could be a subpopulation of highly migratory tumor cells. However, the paracrine PGI signaling initiated by mesenchymal glioma cells also induces self-renewal and tumorigenic potential of glioma stem cells through induction of KLF-4 (43) . The functional role of CXCR7 in KLF-4-positive glioma-stem cells remains still highly speculative.
Summarized, we were able to show that in a cohort of matched primary-recurrent GBM samples the CXCL12 receptors CXCR4 and CXCR7 are expressed both on the mRNA and protein levels in large amounts, with CXCR7 mRNA being statistically significantly downregulated in recurrent samples. A co-expression of both receptors was rare. In accordance with this, CXCR4 was co-expressed with all investigated neural and embryonic stem cell markers in both primary and recurrent tissues, whereas CXCR7 was mostly found on stem cell marker-negative cells but was co-expressed with KLF-4 on a distinct GBM cell subpopulation. These results point to an individual role of CXCR4 and CXCR7 in the contribution of stem cell marker-positive GBM cells in glioma progression and underline the potential of chemokine receptors as targets for new therapeutic approaches in GBM intervention.
